An experimental study was conducted in the NASA Langley Low-Turbulence Pressure Tunnel (LTPT) to evaluate a suction sidewall boundary-layercontrol (BLC) technique used in testing two-dimensional highlift airfoils. Sidewall BLC is required to maintain spanwise twedimensionality of the flow over the airfoil at large angles of attack. A supercritical-type high-lift airfoil, quipped with a double-slotted flap and a leadingedge slat, was used for the study which was conducted at a Mach number of 0.2 and Reynolds numbers based on chord of 9 and 16 million. The sidewall BLC technique, which features distributed suction through porous endplates connected to a venting system, was able to control sidewall boundary-layer separation and maintain two-dimensional flow over the high-lift configuration for both Reynolds numbers tested. Discus- 
INTRODUCTION
Modern trends in transport aircraft wing design favor reduced wing area, decreased wing thickness, and increased sweep angle. While increasing cruise efficiency, these characteristics make the implementation of a conventional high-lift system (with multiple flaps) much more difficult. Economic considerations require a high-lift system design that is mechanically simple and therefore easy to maintain. As a result, improved techniques are needed to increase ce,, and lift-to-drag ratios of high-lift systems with fewer components. An improvement in lift-to-drag ratio allows reduced thrust during takeoff and climb, while an increase in maximum lift results in lower landing speeds. Improvements in both ce and lift-todrag ratio can enable a reduction in wing sue and weight.
The vi!xous flow fields associated with high-lift systems are complex, and current prediction codes are generally reliable only when the flow is twodimensional and fully attached. As a result, modern high-lift designs are developed largely through experimental testing. Through the 1970's, development work on high-lift syslems was pcrformed in atmospheric wind tunnels at low Reynolds numbers.' After low Reynolds number optimization, high Reynolds number testing was generally conducted to determine the performance of the system at conditions closer to flight. For low-aspect-ratio high-lift airfoils, it can be difficult to distinguish Mach number and Reynolds number effects from tunnel sidewall interference effects. Large adverse pressure gradients induced by the highlift airfoil near maximum lift cause the tunnel sidewall boundary layer to separate, resulting in the loss mu.
of uniform spanwise (two-dimensional) flow over the model. Once the sidewall boundary layer separates, a three-dimensional flow paaem is fomed in the juncture between the airfoil upper surface and the tunnel ~i d e w a l l .~*~~*~ This three-dimensional flow field contaminates the flow over low-apt-ratio models, resulting in reduced lift. To ensure spanwise uniformity of the flow field, some form of sidewall BLC is required. Two methods have been tested in the LTPT: tangential blowing and suction through a venting system. Thngential blowing energizes the boundary layer on the tunnel wall, enabling it to resist separation. Suction removes the sidewall boundary layer and reduces the juncture flow problem. Both BLC methods have been successful in maintaining uniform spanwise flow over high-lift airfoil models in previous e~periments."~ The purpose of this paper is to discuss the effects of sidewall BLC on the aerodynamic performance of a two-dimensional high-lift configuration. An explanation is given of the calibration procedure for the suction system (venting system); discussions are also presented on the optimum porous plate suction pattern for the venting system and the effect of venting on the airfoil performance. Airfoil performance data obtained previously using a tangential blowing BLC system are compared with venting system data for the same high-lift configuration.
WIND-TUNNEL FACILITY AND HIGH-LIFT MODEL "unnel
The LTPT facility is a single-retum, closed-throat tunnel that can be operated at pressures from near vacuum to 10 atmospheres.* A sketch of the LI' PT is shown in figure 1 . This facility has a Mach number range from 0.05 to 0.5 and a Reynolds number range from 100,OOO to 15 million per foot. At a Reynolds number of 15 million per foot the maximum Mach number is 0.22. The tunnel has turbulence intensity levels of 0.034% operating at a Mach number of 0.2 and total pressure of 60 psi. The contraction ratio is 17.6:l and the rectangular test section is 3 ft. wide, 7.5 ft high, and 7.5 ft. long. The LTPT is capable of simulating near-flight Reynolds numbers at flight Mach numbers for twodimensional high-lift airfoils. 
Model-Support and Force-Balance System
The LTPT is equipped with a model-support and force-balance system capable of testing singleand multi-element airfoils at high Reynolds numbers.8
Figure2 shows a sketch of the model-support and force-balance system. The airfoil model is held betwwn two circular endplates that are atlachcd to the inner drum assembly. The motor-driven, externallymounted pitch mechanism provides attitude control for the model by rotating the bearing-mounted inner drums within the outer drum assemblies. The outer drums are attached to the yoke arm support system which is mounted to the force balance. The balance is connected to the tunnel by way of a balance platform. A teflon seal is used to minimize air leakage from the test section into the outer tunnel plenum. 
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The force balance is a three-component straingage of the external virtual-image type. It has design load limits of 18,000 lbs. of lift, 550 lbs. of drag, and 144,OOO in-lbs of pitching moment. The balance is temperature compensated and calibrated to account [or first and second-order interactions; the system is accurate to within H.5% of the design load limits.
Remote-Controlled Wake Survey Rake
Drag was computed by integration of the static and total pressures obtained from the wake survey rake? A schematic of the wake rake is presented in figure 3 . The threc 5-hole pressure probes are attached to the probe head which is connected to lhe exterior traverse through extensions of different lengths. The attitude of the probe head may be controlled by the motordriven pitch arm. The motor-driven traverse moves along the suut over a range of 47 inches in the vertical direction. The wake rake can move 21 inches above the tunnel centerline and 26 inches below the centerline. 
High-Lift Model and Test Conditions
The two-dimensional wing model tested used a supercritical-type airfoil section with a leading-edge slat and a double-slotted trailing-edge flap. Each highlift component is attached to the main element at four spanwise stations with brackets. The model represents a typical landing configuration with the slat deflected 30 degrees and two-segment flap deflected 35 and 15 degrees, respectively. A photograph of the model installed in the LTPT is presented in figure   6 . This model has a nested (cruise) airfoil chord of 22 inches, a span of 36 inches, and a maximum thickness-chord ratio of 11.55%. The chord of the leading-edge slat is 14.48% of the cruise chord. The The study was conducted over an angle-of-attack range of -4 degrees to several degrees past stall. The Mach number was held constant at 0.2 and the Reynolds numbers were 9 and 16 million. The free-stream dynamic pressure was conected for solid and wake blockage effects; the lift, pitching moment, and angle of attack were corrected for the effects of floor and ceiling constraint on streamline curvature? The airfoil lift and pitching moment were calculated by integration of the measured surface pressures and direct measurements from the force balance. A typical comparison between the integrated and balance uncorrected section lift data is presented in figure 8 . The overall agreement between the lift coefficients was good considcring the limited number of surface taps located on the double slotted flap. In some cases uncorrected section lift data were analyzed to determine wends similar to those found in figure 8 . A plot of section lift coefficient versus angle of attack for uncorrected and corrected balance data is presented in figure 9 . Correcting thc data typically increased angle of attack and dccrcased section lift by about 1.4 and 3.21, respectively. 
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SIDEWALL BLC TEST TECHNIQUES Blowing System
During the initial test of the two-dimensional high-lift wing modcl, five blowing manifolds (blowing Wxes) with tangential blowing slots were mounted on each model endplate lo provide a uniform tangential flow at each slot exit. The blowing box control cart supplies high-pressure air to each blowing box through flexible hoses. The control car& contains remote-controlled valves to regulate flow through each blowing box. A cross-sectional sketch of a typical blowing box is shown in figure 10 . Air flows through the flexible hoses into the inner settling chamber which distributes air to the outer chamber by way of distribution slots. Mass flow through the slot is controlled by varying the width of the slot exit. The slot opening for this test was fixed at 0.030 inches which limited the maximum mass flow through the system. An automatic control valve is utilized to remove the air injected into the lunnel by the BLC system to maintain a constant total pressure in the tunnel. A detailed description of the test procedures for the blowing technique may be found in reference 7. 
Venting System Description and Calibration
The venting system is a suction technique that operates under pressurized conditions to bleed off the sidewall boundary layer. The suction is driven by the pressure difference between atmospheric exhaust conditions and pressurized tunnel conditions. A schematic of the venting system is presented in figure 11 . There are eight small plenum chanibers located behind the porous model endplates which are connected to the collector assembly by 2-in. diameter rubber hoses. A feedback control loop employing a linear actuator rotates the collector in conjunction with the model endplates to reduce the balance interference effects from the rubber hoses. The flow passes through an &in.
diameter pipe m the instrumentation spool which consists of four static pressure taps, three rakes of 10 t o dpressure probes, and one thermocouple. The mass-Row rate through the venting system can then be calculated from the compressible mass-flow equations." The remotely operatcd 8-in. ball valves are used to regulate mass Row which is exhausted to atmosphere. In order to maintain constant total pressbre in the tunnel, an auxiliary compressor replaced the air removed by the venting system. number sweeps were performed while holding the tunnel pressure at 60 psi. One Mach number sweep was performed maintaining a mass-flow rate through the venting system of 14 lbs/sec; it was estimated that this venting rdk would be required to maintain flow uniformity at this pressure and a Mach number of 0.2. The second sweep was done without venting. A plot of turbulence intensity versus Mach number with and without venting is presented in figure 13 . At the typical high-lift testing Mach number of 0.2, the turbulence levels increased from 0.034 to 0.044%, presumably due to pressure fluctuations from the BLC system. This result suggests a negligible increase in turbulence due m the venting system for the high-lift testing Mach number. The venting mass-flow ratios required to maintain two-dimensional Row over the high-lift model were less then those shown for each Mach number in figure 13 . The venting system was calibrated with a centerline probe instrumented with a total pressure tap at the probe head and static pressure taps located at the +12.5, 1.5, and -9.5 in. tunnel stations. A sketch of the calibration setup is presented in figure 12 . True test-section dynamic pressure measurements from the centerline probe were correlated with tunnel reference dynamic pressures to determine correction factors for various tunnel conditions. The correction factor was found to be dependent upon mass-flow venting rate, Mach number, and Reynolds number.
Turbulence measurements were obtained with hotwire anemometry to determine the effect of venting on test-section turbulence intensity levels. Two Mach In the high-lift test techniques sludy, spanwise pressure distributions were monitored to check for spanwise uniformity of the flow over the model. The testing procedure consisted of first establishing flow through the venting system to prevent premature model separation and then rotating the airfoil modcl to an angle of attack near stall. The venting mass-flow rate was then increased until the spanwise pressure distributions flattened to near horizontal lines indicating approximately two-dimensional flow.
Comparison of BLC Systems
A number of differences in the two techniques are apparent from figure 14 which contrasts thc model endplate patterns for both the tangential blowing and venting systems. There exists one pair of model endplates for each blowing box pattern required. Therefore the correct arrangement for the boxes must be known before the tesc however, the porous endplates allow the researcher to experimentally determine the best porous plate pattern for the particular high-lift configuration. Also, the venting system permits concentrated suction in the crucial juncture flow region near the upper surface of the model while the tangential blowing provides a uniform flow along the model endplate. The venting system, on the other hand, provides less control over the mass-flow rate setting than does the tangential blowing system due to the inability of the 8-in. ball valve to accurately regulate small mass-flow increments.
POROUS ENDPLATE OIYTIMIZATION STUDY
The process of determining an effective distributed suction pattern was the first step in evaluating the overTangential blowing all effect of the venting system on the lift performance of the high-lift wing model. The four porous plate patterns analyzed are presenlcd in figures 15a-d. Porous plate pattern 1 was the baseline pattern (no venting).
The porous material was masked off with aluminum tape to simulate a solid tunnel sidewall. The second pattern provided suction in the juncture region between the sidewall and the airfoil upper surface and in the flap well regions on the lower surface. pattern 3 applied additional suction through the crescent-shaped porous material in front of the model to thin the sidewall boundary layer and reduce effects from the large adverse pressure gradients generated by the slat. The fourth pattern was found to be the optimum pattern and featured concentrated suction in the critical juncture region and in front of the model. Also, the lower-surface flap well regions wen: taped closed.
The best porous plate pattern was determined by testing a specific high-lift configuration with each of the four patterns. The Mach number was held at 0. configuration. The result is a plot of ceFx versus massflow ratio, shown in figure 17. Only small deviations of clamax betwcen mass-flow ratios of 0.003 and 0.007 were detected, and the effect of venting on clJnax is clearly shown in the figure.
With venting (endplate pattern 2). the C , levels over the slat (5%~) increased as circulation over the airfoil increased ( figure 16 ). The wing (83%c), main flap (74%), and auxiliary-flap wailing-edge pressures showed improvements in the flow two-dimensionality. Allowing suction through the crescent-shapcd porous material (endplate pattern 3) largely increased the twodimensional flow over the wing (83%c), main flap (74%), and auxiliary-flap trailing edge. The C, values over the slat continued to incrcase as the circulation over the airfoil increased. Thinning the boundary layer in front of the airfoil model played a key role in with results from endplate pauern 3. The spanwise pressure data for pattern 4 was considered to be a good approximation of two-dimensional flow.
cate equal pressure levels at all locations; however, from a practical point of view a difference in pressure coefficient of 3 . 1 in the measured spanwise pressures was considered acceptable as a general guideline. A 0.1 difference in C, represents roughly 0.5% of the leading-edge suction peaks typically secn at maximum lift conditions on a multi-element airfoil. When setting sidewall suction levels, effects from the brackets were seen on the downstream spanwise pressure mcasurements. These effects could not be removed from the spanwise pressures regardless of the suction levels.
How uniformity was also found to be dependent upon the configuration of the high-lift model. It was found that the main flap (74%~) spanwise pressures and the auxiliary-flap, trailing-edge spanwise pressures were the best measures of uniform flow over the model from the porous endplate study. The pressure measurements from the main flap (74%~) were selected because the largest three-dimensional effects without venting occurred at this spanwise location, and the auxiliary-flap, trailing-edge spanwisc pressure dab provided a quantitative measure of flow contamination over the model.
RESULTS AND DISCUSSION
Effect of Venting on Section Lift
The importance of a two-dimensional flow field for two-dimensional high-lift wing testing is more clearly emphasized in figure 18 which presents ce plotted against angle of attack for porous plate patterns one and four. Without BLC, a decrease in section lift occurs at all angles of attack. Mach number and Reynolds number effects on the section lift curve display the same mends as those presented in figure 18 .
No-dimensional flow must be maintained to correctly assess the effects of Reynolds number and Mach number on the airfoil high-lift configuration. The effect of high mass-flow venting rdtes on c~~,~~ was investigated. Lift curves were generated with venting System masS-flOW ratios of 0.0 (no venting), 0.003, 0.005, and 0.007 for a particular high-lift Components of section lift from the leading-edge slat and wing were greatly affccted by sidewall BLC due to large adverse pressure gradients generated by both elements. The effects of BLC are seen on the centerline chordwise pressure distributions of the slat, wing, and double-slotted flap at cpm,,, (figure 19). Loss of component lift from the slat and wing without BLC is clear in the figure. However, the pressure data of the double-slotted flap were generally unaffected by BLC. 
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Preliminary Comparison with Computation
To insure that the BLC systcm produced a tunnel environment that accuratcly simulated twodimensional flow without sidcwall influence, twodimensional Navier-Stokes computations were performed to compare CFD results with experimental data obtained using suction. The codc was writlcn by D. J. Mavriplis (Princeton) and uses unstructured grids to allow solutions over complex geometries such as highlift airfoils." The comparison was madc at a Reynolds number of 9 million and a Mach number of 0.2 for a near-optimum four element configuration (Bonhaus, Anderson, Mavriplis") . It should be noted that the calculations were performed without taking into account the effect of tunnel sidewalls and that experimental results for this condition show separation only in the cove region at the trailing-edge of the main element and flap, and lower surface of the slat. Good agreement existed between LTPT experimental data with sidewall BLC and the Navier-Stokes computations, as shown in the chordwise pressure distributions for an angle of attack of 20 degrees (figure 20). The venting system effectively removed the three-dimensional effect imparted by the tunnel sidewalls. 
Comparison of Sidewall BLC Techniques
For the sidewall BLC techniques study, the massflow ratio through the venting system was held between 0.006 and 0.007 while the maximum mass-flow ratio for the blowing system was 0.003 for 9 million Reynolds number and 0.002 for 16 million Reynolds number. Both mass-flow rdtios corresponded to the choked condition for the blowing boxes. It was previously concluded that uniform two-dimensional flow was not maintained at some conditions for the blowing system due to limited mass flow through the endplate slots.7
At %=9 million, good agreement was shown to exist between results from the blowing and venting systems. The plot of section lift coefficient versus angle of attack demonstrates good repeatability of the data up to c [ ,~, (figure 21). However, there are discrepancies in the post-stall behavior of the two section lift curves. There is a difference in the stall angle of about 2 degrees between data from both systems. This is important since the design of the horizontal tail (among other things) is based on post-stall characteristics of the wing.
The section lift curve obtained at 16 million Reynolds number displays differences in results between the blowing and venting systems. Lift measurements obtained using the blowing system at angles of attack greater than 10 degrees are lower than corresponding values from the venting system (figure 22).
In many cases clmax plays a major role in sizing the wing, so differences at high angles of attack are of great importance. Also, at 16 million Reynolds number, the difference in the stall angle for the two BLC systems has increased to about 3 degrees. The force-balance thinner inboard brackets have a much smaller effect on spanwise pressures. A mass-flow ratio of 0.003 through the blowing system appears just enough to maintain approximately two-dimensional flow over the airfoil model. In this case, 'approximate' means that the blowing system provided enough BLC to generate section lift measurements within the repeatability band defined by the venting system data up to the stall condition (figure 21).
For &= 16 million, spanwise flow uniformity was also evaluated at 8 and 16 degrees a n g k s of attack (figures 25 and 26) . At 8 degrees both BLC systems indicate similar pressure data over the main flap (74%~). However, non-uniform spanwise flow over the auxiliary flap is indicated near both sidewalls for the blowing system. For 16 degrees angle of attack, spanwise nonuniformity for the blowing BLC system is indicated at the main flap (74%~) and auxiliary-flap trailing edge.
The auxiliary-flap, Irailing-edge pressures indicate flow contamination near both sidewalls for the blowing system and show a three-dimensional flow pattern over the model (figure 26). Trailing-edge spanwise pressure data taken without BLC is also shown in figure   26 . The result of the degradation in flow uniformity from the blowing system is seen in figure 22 as a decrease in the section lift coefficient at 16 degrees angle of attack. The mass flow ratio of 0.002 through the blowing system did not have enough effect to maintain two-dimensional flow at 16 million Reynolds number; this finding is consistent with those in reference 7. After the initial test of the high-lift airfoil, the slot openings on the individual blowing boxes were increased to provide higher mass-flow rates during the test of a second high-lift airfoil model. This second blowing system configuration applied sidewall BLC in a manner very similar to the method developed for the venting system. In this configuration a blowing box was placed in front of the slat, analogous to the distributed suction in front of the model, and a blowing tube was placed in the juncture region, analogous to the concentrated suction by the venting system (figure 27). The tangential blowing system with this particular configuration was successful in controlling sidewall boundary layer separation in this subsequent high-lift study.
Tangential Blowing Venting
Figure 27. Comparison of model endplates for tangential blowing and venting systems.
CONCLUSIONS
A study evaluating the effects of a suction venting system on the aerodynamic performance of a high-lift airfoil was conducted. Information pertaining to the best suction pattern for the porous model endplates was acquired. Also, a study comparing the effectiveness of tangential blowing and suction sidewall BLC systems for two-dimensional airfoil high-lift testing was completed. The primary conclusions which may be drawn from the presented test results are:
1.
2.
3.
4.
5.
For the high-lift configuration tested, the venting BLC system was able to effectively control sidewall boundary-layer separation and maintain a uniform spanwise flow field up to the stall condition for Reynolds numbers of 9 and 16 million. The tangential blowing BLC configuration obtained similar lift characteristics at a Reynolds number of 9 million. However, this configuration was unable to maintain uniform spanwise flow over the model at a Reynolds number of 16 million.
Experimental determination of the optimum porous plate suction pattern showed that removal of the sidewall boundary layer in front of the model was necessary due to high suction peaks associated with the slat. Also, concentrated suction in the juncture region between the tunnel sidewall and upper surface of the modcl was required.
Accurate experimental determination of Mach number effects, Reynolds number effects, and airfoil optimization for maximum lift are difficult to assess without adequate sidewall BLC.
Due to the high quality of the two-dimensional data obtained with the venting system at high Reynolds numbers, the data are considered acceptable for validation of computational fluid dynamics prediction codes.
Tangential blowing remains a viable sidewall BLC technique for high-lift airfoil testing in the LTPT, if reconfigured blowing boxes are used. Widening the slot openings for the individual blowing boxes to increase mass-flow ratios and adding circular blowing tubes in the juncture region increased the capability and effectiveness of the blowing systcm.
